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Introduction
============

Inflammatory joint diseases such as rheumatoid arthritis (RA) are not only a major cause of disability, but are also frequently associated with increased morbidity and mortality. For example, patients with RA have been found to have a higher prevalence of angina pectoris and stroke than nonpatients. Research into the mechanisms underlying musculoskeletal disorders and into the development of newer and more effective therapeutic drugs is thus highly desirable.

RA is a chronic and destructive disease, which typically affects the peripheral joints but may affect any synovial joint in the body. The synovium in RA becomes inflamed and increases greatly in mass, because of hyperplasia of the lining cells. The volume of synovial fluid increases, resulting in joint swelling and pain. Blood-derived cells, including T cells, B cells, macrophages, and plasma cells, infiltrate the sublining of the synovium. Although RA shares these histological features (namely, infiltration and hyperplasia) with other inflammatory arthritides, a particularly characteristic feature of RA is the predilection for the synovium to become locally invasive at the synovial interface with cartilage and bone. This invasive and destructive front (termed \'pannus\') causes the erosions observed in RA. Progressive destruction of the articular cartilage, subchondral bone, and periarticular soft tissues eventually combine to produce the deformities characteristic of longstanding RA. These deformities result in functional deterioration and profound disability in the long term.

An attribute of RA that has long been recognised but has only recently risen to prominence, because of an increased understanding of the underlying mechanisms, is the role of the vasculature in these invasive and destructive processes. There are abundant blood vessels in RA synovium (Fig. [1](#F1){ref-type="fig"}) and, given the features of RA outlined above -- infiltration by blood-derived cells, hyperplasia, oedema, invasiveness -- it is perhaps obvious that these vessels are likely to be involved in the development of RA. Indeed, the endothelial cells lining the blood vessels appear to be an active target for the action of cytokines and mitogens, permeability factors, and matrix-degrading enzymes, and the cells\' response to these factors both maintains and promotes RA. In particular, the formation of new blood vessels -- \'angiogenesis\' -- has been suggested to be of importance in the pathogenesis of RA, in that the expansion of synovial tissue necessitates a compensatory increase in the number and density of synovial blood vessels. The arthritic synovium is in fact a very hypoxic environment, which is a potent signal for the generation of new blood vessels.

![Expression of CD31 and von Willebrand factor in RA synovium. Frozen or paraffin-embedded sections were stained using antibodies against human CD31 or von Willebrand factor (vWf). Samples were then incubated with biotinylated anti-mouse or anti-goat immunoglobulin, followed by streptavidin--horseradish peroxidase. Immune complexes were detected using 3,3\'-diaminobenzidine.](ar575-1){#F1}

It is now generally accepted that angiogenesis is central to maintaining and promoting RA. It is also possible that a potential method of attenuating development of the pannus is to interfere with its blood supply. This possibility is supported by several recent studies in animal models of arthritis which have suggested that blocking angiogenesis during the course of RA might actually be of therapeutic benefit.

This chapter focuses on the regulation of angiogenesis in RA, on the application of angiogenesis inhibitors in animal models of arthritis, and on the potential for development of new vascular-targeted therapies for treatment of RA.

Historical background
=====================

A review in 1982 suggested that in RA, \"microcirculatory compromise, concomitant with an increase in metabolic needs of synovial tissue, may initiate tissue injury via anoxia and acidosis, resulting in hydrolytic enzyme release, increased vascular permeability and acceleration of inflammatory processes\" \[[@B1]\]. Since that paper by Rothschild and Masi, the number of publications on the PubMed database at the National Library of Medicine citing \'angiogenesis\' (or \'angiogenic\') and \'arthritis\' has risen exponentially, from just 5 in the years 1980--1984, to 130 in 1995--1999. In 2000 and 2001 alone, there were 99 such references (at the time of writing, November 2001).

Changes in the density of blood vessels in the synovium and alterations in endothelial proliferative responses in RA have been shown in a range of studies. For example, the number of synovial blood vessels has been found to correlate with hyperplasia of synovial cells, infiltration of mononuclear cells, and indices of joint tenderness \[[@B2]\]. A morphometric study has suggested that capillaries are distributed more deeply in RA synovium than in normal tissue, although the blood-volume fraction was greater in normal knees than in RA \[[@B3]\]. Another group noted that although perivascular mononuclearcell infiltration and increased thickness of the synovial lining layer were observed in tissue from both inflamed and noninflamed joints of RA patients, vascular proliferation was seen only in tissues from inflamed joints \[[@B4]\]. Endothelial cells lining blood vessels within RA synovium have been shown to express cell-cycle-associated antigens such as PCNA and Ki67, and integrin αvβ3, which is associated with vascular proliferation \[[@B5],[@B6]\]. Indices of endothelial proliferation and cell death were shown to be higher in synovia from patients with RA than in controls or individuals with osteoarthritis (OA) \[[@B6]\].

The above observations suggest that in RA synovium, there is active endothelial proliferation. This is not surprising, since a consequence of the synovial hyperplasia associated with RA is an increase in the distance between the proliferating cells and the nearest blood vessels. This situation results in local hypoxia and hypoperfusion. Interestingly, it was first reported more than three decades ago that oxygen tension is lowin synovial fluid samples taken from knee joints of people with RA. Lund-Olesen reported that synovial fluid *P*O~2~ was 27 mmHg in patients with RA, versus 43 mmHg in patients with OA and 63 mmHg in controls \[[@B7]\]. The augmented proliferation of the synovial cells imposes an additional demand on the vasculature, further promoting the hypoxic state. Although an increase in local blood flow has been reported, this is unlikely to be sufficient to compensate for the increased requirement for oxygen and nutrients. The increase in synovial fluid volume is also likely to compound the hypoxic state in RA, by reducing synovial capillary flow. Resting intra-articular pressure in chronically inflamed joints has been found to be higher than in normal joints, and this effect would be compounded during movement of joints, inducing acute ischemia in the synovial environment \[[@B8]\].

Such a combination of increased metabolic demand and hypoxia is a potent signal for angiogenesis (Fig. [2](#F2){ref-type="fig"}). Under normal circumstances, the adult vasculature is mostly quiescent, and angiogenesis does not take place except during wound healing and the female reproductive cycle. Disregulated angiogenesis contributes to the pathology of a number of disease states, during which tissue proliferation outstrips the supply of nutrients and oxygen. These include tumour formation, and indeed parallels have been drawn between tumours and the arthritic synovium, with its attendant features of hyperplasia, oedema, angiogenesis, and invasiveness. In one of the earliest reports concerning angiogenesis and arthritis, Brown and colleagues reported that synovial fluids from patients with RA contained a low-molecular-weight angiogenesis factor apparently identical with that derived from tumours \[[@B9]\]. Subsequently, it was shown that synovial fluids from patients with either RA or OA induced morphological changes in endothelial cells in culture, including the formation of tubular networks morphologically resembling capillaries \[[@B10]\].

![Why does angiogenesis occur in RA? A consequence of the synovial hyperplasia associated with RA is an increase in the distance between the proliferating cells and the nearest blood vessels. This results in hypoxia and hypoperfusion. The augmented proliferation of the synovial cells imposes an additional demand on the vasculature, further promoting hypoxia. This drives angiogenesis, and hence infiltration and hyperplasia.](ar575-2){#F2}

Angiogenesis thus contributes to the development and maintenance of RA. Identification of the angiogenic factors has progressed over the intervening years (reviewed \[[@B11]-[@B14]\]), and some of the better-characterised proangiogenic stimuli in RA are reviewed in the next section.

Expression of proangiogenic factors in arthritis
================================================

A range of growth factors, cytokines, and chemokines are capable of influencing angiogenesis in RA synovium. Many of these substances are thought to act indirectly, by upregulating the expression of more potent and specific angiogenic stimuli (Table [1](#T1){ref-type="table"}).

###### 

Examples of molecules that regulate angiogenesis

  Effect on angiogenesis    Type of molecule                Molecule
  ------------------------- ------------------------------- ---------------------------------------------------
  Angiogenic stimuli        Growth factors                  FGF-1\* and FGF-2\*, HGF\*
                                                            Placental growth factor\*
                                                            Platelet-derived endothelial-cell growth factor\*
                                                            PDGF-BB\*
                                                            TGF-α, TGF-β \*
                                                            VEGF\*
                            Cytokines and other mediators   Angiogenin\*
                                                            Ang-1\*
                                                            Granulocyte-colony-stimulating factor\*
                                                            IL-8\*
                                                            Midkine, Pleiotrophin
                                                            TNFα\*
  Angiogenesis inhibitors   Cryptic proteins                Angiostatin (plasminogen fragment)
                                                            Endostatin (collagen XVIII fragment)
                                                            Fibronectin fragment
                                                            Kringle 5 (plasminogen fragment)
                                                            Prolactin 16-kDa fragment
                                                            Vasostatin (calreticulin fragment)
                            Cytokines and other mediators   Cartilage-derived inhibitor
                                                            Interferon-inducible protein (IP-10)
                                                            IL-12
                                                            Metalloproteinase inhibitors (TIMPs)
                                                            Plasminogen activator inhibitor
                                                            Platelet factor-4
                                                            Thrombospondin-1

\*Expressed in RA. Ang, angiopoietin; FGF, fibroblast growth factor; HGF, hepatocyte growth factor; PDGF, platelet-derived growth factor; TGF, transforming growth factor; VEGF, vascular endothelial growth factor.

Several growth factors, which are capable of promoting angiogenesis, are in fact broad-range mitogens. Typical examples are the fibroblast growth factors (FGFs), namely FGF-1 (acidic FGF) and FGF-2 (basic FGF). These polypeptide mitogens elicit a variety of responses depending on the target cell type, including proliferation, migration, and differentiation. Both FGF-1 and FGF-2 are expressed in RA: in macrophages, lining cells, and endothelial cells. Similarly, platelet-derived growth factor (PDGF), which is also a potent mitogen for many cell types, including fibroblasts and smooth muscle cells, is expressed in RA synovium. The heparin-binding cytokine hepatocyte growth factor (HGF; scatter factor) has been reported to be expressed in RA. Hepatocyte growth factor promotes directed and random migration of many epithelial cell types and of vascular endothelial cells, and has been found at significant levels in RA synovial fluids (reviewed \[[@B15],[@B16]\])

In contrast, vascular endothelial growth factor (VEGF) is a relatively endothelial-cell-specific angiogenic factor. The ever-increasing VEGF family is now known to contain at least six related cytokines, although the original member, VEGF, remains the most extensively studied. Alternative mRNA splicing of a single gene yields distinct isoforms of VEGF, with differing properties (Fig. [3](#F3){ref-type="fig"}). Expression of VEGF is elevated in a range of angiogenesis-associated disease states, such as malignancies, retinal neovascularisation, and psoriasis. VEGF exerts its effects through tyrosine kinase receptors Flt-1 (fms-like tyrosine kinase receptor; also known as VEGF-R1) and Flk-1/KDR (fetal liver kinase receptor/kinase-insert-domain-containing receptor; also known as VEGF-R2) \[[@B17],[@B18]\]. Additional receptors appear to act as co-receptors. For example, neuropilin-1 acts as a co-receptor for VEGF-R2, enhancing the binding and biological activity of the VEGF-165 isoform. A key feature of VEGF is the upregulation of this growth factor by hypoxia \[[@B19]\]. Several distinct molecular mechanisms are thought to be involved in hypoxia-induced upregulation of VEGF expression, including transcriptional control, through transcription factors such as hypoxia-inducible factor-1 (HIF-1), and post-transcriptional stabilisation of VEGF mRNA \[[@B20]\].

![The VEGF family. The binding of VEGF ligands and their splice variants to cell-surface receptors.](ar575-3){#F3}

The dual activities of VEGF as an endothelial-cell mitogen and a modulator of changes in vascular permeability are of relevance in the pathogenesis of RA. VEGF levels are markedly higher in the serum and synovial fluids of patients with RA than in either patients with OA or normal controls \[[@B21]-[@B25]\]. Serum VEGF concentrations in RA patients correlate with levels of C-reactive protein, a marker of inflammation and disease activity \[[@B23]\]. Expression of VEGF mRNA by cells of the lining layer in RA has been reported, and immunohistochemical analyses of synovial biopsies in RA revealed expression of VEGF by synovial lining layers and endothelial cells lining small blood vessels within the pannus \[[@B21],[@B26],[@B27]\]. Synovial fluid neutrophils express VEGF at higher levels than are found in fluids from patients with OA \[[@B28]\]. Moreover, microvascular endothelial cells in the vicinity of VEGF-positive cells express mRNA for VEGF receptors \[[@B26],[@B29]\].

Perhaps the most relevant property of VEGF in the context of angiogenesis and RA is the upregulation of this growth factor by hypoxia. The hypoxic state in the RA joint suggests that the formation of new blood vessels in the pannus may be driven by hypoxia-induced expression of VEGF. Expression of hypoxia-inducible factor-1α by macrophages in RA synovium, predominantly close to the intimal layer but also in the subintimal area, has been described \[[@B30]\]. We have reported that dissociated cells of the synovial membrane in RA respond to hypoxia by upregulating VEGF production. Cells of the synovial membrane in RA were isolated by enzymatic digestion, and after overnight adherence were placed in either normoxic (mean *P*O~2~ 140 mmHg) or hypoxic (mean *P*O~2~ 60 mmHg) conditions. After 24 hours in hypoxia, release of VEGF was selectively upregulated, whereas production of IL-1β and IL-8 was unaffected. These observations suggest that a component of the formation of new blood vessels observed in RA may result from hypoxia-driven induction of VEGF \[[@B23]\]. To investigate the relation between tissue oxygen levels and synovial VEGF production in inflammatory arthritis in humans, we examined patients undergoing knee arthroscopy. Synovial *P*O~2~ levels were significantly lower in patients with active RA than in patients without RA, and release of VEGF from synovial cells prepared from tissue biopsies was likewise greater for patients with RA. It would appear, therefore, that reduced intra-articular *P*O~2~ is likely to be a stimulus for local VEGF production \[[@B31]\].

We have also recently shown that VEGF is important in the development of joint destruction in RA. We observed a significant correlation between serum VEGF at presentation with early RA and the magnitude of radiological deterioration within the first year, calculated using radiographs of hands and feet, taken at initial presentation and at follow-up after 1 year. Radiographs were scored according to the van der Heijde modification of Sharp\'s method. Patients with radiological deterioration less than the median rate (change after 1 year = 1.5) had lower circulating VEGF concentrations (358 pg/ml) than those with greater than the median rate of radiological deterioration (change after 1 year = 7.5; serum VEGF= 638 pg/ml; *P* \<0.001) \[[@B32]\]. These results suggest that high serum VEGF levels at an early stage of disease are associated with the increased subsequent damage to joints observed by radiography.

More recent studies have addressed the role in arthritis of another important family of molecules involved in angiogenesis, namely the angiopoietins. These molecules, together with their cell-surface receptors Tie-1 and Tie-2, play a key role in development of the vasculature and have been implicated in the control of vessel stabilisation and regression. The patterns of expression of the best-characterised molecules, angiopoietin (Ang)-1 and Ang-2, during embryonic development and during pathological angiogenesis suggest that Ang-1 may act to stabilise new vessels formed in response to VEGF. In contrast, Ang-2 may destabilise blood vessels, which would lead to new vessel sprouts in the presence of VEGF or to regression of vessels in the absence of VEGF. Expression of Tie-1 and Tie-2 in RA synovium has been reported \[[@B33]\]. Detectable levels of mRNA for Ang-1 and its receptors have been shown in specimens of synovial tissue from patients with juvenile RA, in which expression was significantly higher than in tissues from patients with OA or other noninflammatory controls \[[@B34]\]. These observations are perhaps surprising, given that administration of Ang-1 was shown to protect adult mouse vasculature from leaking, countering the permeability activity of VEGF \[[@B35]\].

The levels of an angiogenesis inhibitor, endostatin, were recently reported for patients with RA. VEGF levels in the serum and joint fluid from patients with RA were higher than in patients without RA, whereas endostatin levels were comparable between the groups \[[@B36]\]. My coworkers and I have found that serum levels of the soluble form of the VEGF Flt-1 receptor are raised in RA, as well as in self-limiting arthritis \[[@B32]\]. An inverse relation between the cytokine and its soluble receptor might be predicted. However, raised levels of sFlt-1 observed in RA are presumably insufficient to inhibit VEGF activity. These observations suggest that there may be an imbalance in RA favouring proangiogenic stimuli, whereas inhibitors of angiogenesis such as endostatin are not elevated, or, as in the case of the soluble VEGF Flt-1 receptor, are not increased enough to block the effects of stimuli such as VEGF.

In summary, the invasive pannus in RA is highly vascularised, and numerous growth factors are expressed, which might promote the formation of new blood vessels. Subsequent sections examine the signalling mechanisms involved in the induction of VEGF expression in the context of RA, and the development of new therapies targeting blood vessels in RA.

Angiogenesis blockade in animal models of arthritis
===================================================

Angiogenesis is clearly a feature of arthritis, with VEGF playing a particularly central role in this process. It seems likely that suppression of the formation of blood vessels should retard the progression of arthritis. There is certainly considerable literature describing the ability of broadly acting angiogenesis inhibitors to modulate disease in animal models. Taxol, TNP-470, and thalidomide -- compounds that exert nonspecific anti-angiogenic, as well as other, effects -- have all been shown to inhibit pannus formation and neovascularisation \[[@B37]-[@B39]\]. For example, in a rat model of arthritis, in which disease is induced by injection of heterologous collagen, leading to synovitis, joint erosion, and associated neovascularisation, TNP-470 was found to suppress established disease. In parallel, there was a marked inhibition of pannus formation and of neovascularisation \[[@B37]\]. TNP-470 has recently been shown to delay onset of arthritis and greatly reduce bone and cartilage destruction if given very early in a transgenic mouse model of arthritis \[[@B40]\].

A hypothesis could also be made that inhibition of VEGF activity should be an effective therapy in RA. We have addressed this hypothesis using the model of collagen-induced arthritis in genetically susceptible mice. To study the association between VEGF and disease severity in murine arthritis, we measured release of this angiogenic cytokine by enzymatically dissociated murine synovial cells. Synovial cells isolated from the knee joints of naive or sham-immunised mice, or from mice immunised with collagen but without arthritis, released little or no detectable VEGF. Onset of arthritis was associated with expression of VEGF, and the levels of VEGF secreted by synovial cells isolated from joints of mice with severe arthritis were significantly higher than from mice with mild disease \[[@B41]\]. We additionally showed that a soluble form of the Flt-1 VEGF receptor (sFlt) significantly reduced disease severity and joint destruction in murine collagen-induced arthritis. Mice treated with a soluble form of this receptor after the onset of arthritis exhibited significantly lower clinical scores and paw swelling than untreated or control-treated animals. These sFlt-treated animals also showed significantly reduced joint inflammation and less destruction of bone and cartilage, as assessed by histology \[[@B41]\].

Later studies, using anti-VEGF polyclonal antibodies, showed the effectiveness of VEGF blockade in collagen-induced arthritis \[[@B42],[@B43]\]. It therefore appears that VEGF plays a unique role in mediating angiogenesis in RA. Our results using sFlt, and more recent, unpublished data using adenovirus-mediated transfer of VEGF antagonists, suggest that blockade of VEGF activity might be of therapeutic benefit in RA.

Anti-TNF-α antibody in RA: effects on angiogenesis
==================================================

The findings of elevated expression of angiogenic factors in RA suggest that reducing synovial vascularity may be a desirable component of anti-RA therapies. Certain disease-modifying antirheumatic drugs (DMARDs) have been shown to inhibit angiogenesis in experimental systems. These include drugs such as methotrexate (MTX) \[[@B44]\], sulphasalazine, and penicillamine. Combinations of such drugs also affect production of VEGF by synovial cells *in vitro*. For example, bucillamine and gold sodium thiomalate inhibited VEGF production, as did a combination of bucillamine, gold sodium thiomalate, and MTX with dexamethasone \[[@B45]\].

Further insights into the importance of reduced angiogenesis in RA were gained from clinical trials of anti-tumour necrosis factor(TNF)-α antibody infliximab -- a chimeric mouse Fv, human IgG1, κ antibody of high affinity. From the earliest trials in 1992, infliximab has shown remarkable therapeutic efficacy, reducing both clinical and laboratory indices of disease activity (reviewed \[[@B46],[@B47]\]). The effects of TNF-α on the angiogenic process are both stimulatory and inhibitory, depending on the system. For example, exposure of endothelial cells to TNF-α has been reported to induce release of VEGF and FGF-2 \[[@B48]\]. Production by synovial-joint cells of angiogenic cytokines such as VEGF is at least in part induced by TNF-α, as was demonstrated in a study showing reduced synovial-cell VEGF release in the presence of anti-TNF-α antibody: my colleagues and I reported that in the presence of anti-TNF-α antibody, spontaneous release of VEGF by RA synovial-membrane cells was decreased. An even greater reduction was observed in the presence of a combination of IL-1-receptor antagonist and anti-TNF-α antibody (inhibition 45%, *P* \<0.05, versus release from untreated cells) \[[@B23]\]. We therefore postulated that part of the benefit of anti-TNF-α antibody in RA was gained through a reduction in synovial vascularity.

To examine this hypothesis, we measured serum VEGF levels in patients with RA who were treated with anti-TNF-α antibody, and observed significant reductions in circulating concentrations of this angiogenic cytokine. In patients receiving 10 mg infliximab per kilogram of body weight, a reduction in serum VEGF levels of more than 40% was achieved, and even 4 weeks after the treatment with the anti-TNF-α serum, VEGF concentrations were significantly below pre-infusion values. Treatment of RA patients with a combination of multiple infusions of infliximab and MTX resulted in a more prolonged decrease in serum VEGF levels than in patients who received infliximab without MTX. We found that infusion of 10 mg infliximab per kilogram of body weight without MTX reduced the levels of circulating VEGF, although these returned to pre-infusion concentrations after the final infusion. In contrast, in patients who received infliximab as well as MTX, this reduction was maintained up to the end of the trial period \[[@B23]\]. These observations suggest that TNF-α regulates production of VEGF *in vivo*, and that part of the beneficial effect of anti-TNF-α in RA may be a down-modulation in the formation of blood vessels.

In a more recent study, the effects of infliximab on synovial angiogenesis, vascularity, and VEGF expression were investigated \[[@B49]\]. Patients with active RA received a single dose, 10 mg per kilogram of body weight, of anti-TNF-α antibody. Synovial biopsies were taken during arthroscopic examination of the knee joint 1 day before and 2 weeks after treatment, and synovial vascularity was assessed by immunohistochemistry followed by quantitative image analysis. Anti-TNF-α therapy was found to reduce synovial vascularity as assessed by immunostaining for the presence of CD31 and von Willebrand factor. Additionally, a significant reduction in the number of αvβ3-integrin-positive vessels was found. The reduced expression of CD31, von Willebrand factor, and αvβ3 integrin after TNF-α blockade is in agreement with the concept that the balance of new vessel growth and regression is altered such that a net loss of microvessels occurs. Since the endothelial surface plays a key role in mediating cell traffic and delivery of nutrients, such alterations in vascular density may also contribute to therapeutic efficacy. My co-workers and I are currently in the process of using power colour Doppler to examine the effects of anti-TNF-α antibody treatment on synovial vascularity.

Angiogenesis: a realistic target for new therapies in RA?
=========================================================

Therapeutic agents and strategies are being devised to either interrupt or inhibit one or more of the pathogenic steps involved in angiogenesis, and blockade of neovascularisation has been effective in many tumour models. Clearly, angiogenesis can be targeted at several different stages, including inhibition of production of stimuli such as VEGF, binding of proangiogenic factors (using antibodies or soluble receptors), interruption of downstream signalling, blockade of matrix degradation, or even the use of anti-angiogenic stimuli such as endostatin. Many of these approaches have been used with varying degrees of success for human cancers (Table [2](#T2){ref-type="table"}; for an updated list of angiogenesis inhibitors in clinical trials see \[[@B50]\]).

###### 

Examples of angiogenesis inhibitors in clinical trials

  Action of drug                                          Drug                                                 Examples of clinical trials                                                                                    Mode of action
  ------------------------------------------------------- ---------------------------------------------------- -------------------------------------------------------------------------------------------------------------- ---------------------------------------------------
  Direct inhibition of endothelial cells                  Thalidomide                                          Phase III non-small-cell lung cancer                                                                           Inhibits endothelial cells directly
                                                          Endostatin                                           Phase I solid tumour                                                                                           Inhibits endothelial cells
                                                                                                                                                                                                                              
  Inhibition of the binding of angiogenic stimuli         Humanised monoclonal anti-human VEGF (bevacizumab)   Phase II metastatic renal cell cancer; phase III with chemotherapy in untreated metastatic colorectal cancer   Monoclonal antibody to VEGF
                                                                                                                                                                                                                              
  Inhibition of events downstream of angiogenic stimuli   SU6668                                               Phase I against advanced tumours                                                                               Blocks VEGF, FGF, PDGF receptor signalling
                                                          SU5416                                               Phase I recurrent head and neck; phase II prostate cancer                                                      Blocks VEGF receptor signalling
                                                                                                                                                                                                                              
  Inhibition of matrix breakdown                          Marimastat                                           Phase III small-cell lung cancers                                                                              Synthetic MMP inhibitor
                                                          BMS-275291                                           Phase II/III metastatic non-small-cell lung                                                                    Synthetic MMP inhibitor
                                                                                                                                                                                                                              
  Inhibition of endothelial-integrin interactions         EMD121974                                            Phase I in patients with HIV-related Kaposi\'s sarcoma                                                         Small molecule blocker of integrin on endothelium

FGF, fibroblast growth factor; MMP, matrix metalloproteinase; PDGF, platelet-derived growth factor; VEGF, vascular endothelial growth factor.

In terms of inhibiting the action of VEGF, phase I and phase 1b clinical trial data for pharmacological, safety, and pharmacokinetic studies have been reported for anti-VEGF antibody in patients with solid tumours \[[@B51]\]. Another approach is to use inhibitors of receptor tyrosine kinases, such as SU5416 and SU6668, designed by SUGEN, a company of the Pharmacia Corporation based in South San Francisco. SU5416 has been shown to potently inhibit VEGF-dependent tyrosine phosphorylation, ATP-dependent Flk-1 autophosphorylation, and the proliferation of human endothelial cells. Phase I clinical trials in AIDS-related Kaposi\'s sarcoma and various solid tumours showed SU5416 to be well tolerated. Most recently, a phase II/III research study of SU5416 in metastatic colorectal cancer completed enrolment \[[@B52]\]. SU6668 is less selective for Flk-1, inhibiting also signalling downstream of the PDGF and the FGF-1 receptors. Currently, SU6668 is in phase I trials for the treatment of advanced solid tumours. None of these compounds is as yet in clinical trials for RA, although our own unpublished data collected using a synthetic inhibitor with relatively greater inhibitory activity for the Flk-1/KDR VEGF receptor showed a significant reduction in clinical score and paw swelling, without any apparent side effects.

The use of anti-angiogenic molecules is less common. In a phase I trial of endostatin at the University of Texas M D Anderson Cancer Center, 25 study patients tolerated the drug well, with few toxic side effects, and two patients showed evidence of some tumour shrinkage \[[@B53]\]. My coworkers and I have recently begun a study in mouse collagen-induced arthritis of K1--5 (protease-activated kringles 1--5), which is related to the potent angiogenesis inhibitor angiostatin. Like several other endogenous anti-angiogenic molecules, angiostatin is a cryptic fragment of a larger molecule lacking in anti-angiogenic activity and is generated as a result of proteolytic cleavage of plasminogen. Angiostatin comprises the first four triple-loop disulfide-linked structures of plasminogen, termed kringle (K) domains. Urokinase-activated plasmin can also convert plasminogen into a molecule containing the intact K1--4 and most of the K5 domains, termed K1--5. This angiogenesis inhibitor K1--5 inhibited the proliferation of endothelial cells more effectively than angiostatin, and suppressed tumour growth and neovascularisation \[[@B54]\]. The effectiveness of treatment with K1--5 treatment in the mouse tumour model prompted us to examine the effects of this inhibitor in the murine model of CIA, and preliminary data are encouraging.

It is not unreasonable to suggest that targeting the newly formed vasculature of the RA pannus, in combination with other therapies such as anti-TNF-α, may lead to a more persistent reduction in pannus volume and hence modify disease progression, but confirmation of this hypothesis requires appropriate clinical trials. Although anti-TNF-α antibody has been shown to reduce serum levels of VEGF by up to 40% in patients with RA, circulating VEGF levels nonetheless remained significantly higher than in healthy individuals \[[@B23]\]. For example, median concentrations of serum VEGF in nonarthritic individuals were equivalent to 160 pg/ml, versus 503 pg/ml in patients with active RA. In patients who received a single infusion of 10 mg/kg infliximab, the maximal change in serum VEGF concentrations was achieved at week 3 (decrease 42%), but the median VEGF concentration was still nearly double that observed in individuals without RA (319 pg/ml). Moreover, not all patients respond to TNF-α blockade. Targeting the inflammatory and vascular components of RA, by combining TNF-α inhibition with angiogenesis blockade, could therefore increase benefit to patients with RA, without augmenting the infection risk.

Concluding remarks
==================

Angiogenesis is, clearly, an important process in the development and perpetuation of RA. Clinical trials in cancer patients of VEGF antibody and small-molecule inhibitors of receptor tyrosine kinases, including those for VEGF, are well under way. It may well be that in the not too distant future, clinical trials of VEGF-targeted therapies may also commence for RA, either alone or in combination with established therapies such as anti-TNF-α antibody.

Naturally, there are undoubted potential drawbacks of anti-angiogenic therapy, such as reduced fertility, impaired healing of fractures, or maybe reduced formation of collateral vessels after an episode of ischaemia. Since patients with RA develop cardiovascular problems at an earlier age than their nonarthritic peers, anti-VEGF therapy might not, therefore, be desirable, in spite of the proven role for VEGF in RA and data showing promising effects of VEGF blockade in animal models. On the other hand, recombinant human VEGF increased the rate and degree of formation of atherosclerotic plaques in the thoracic aorta in a model in cholesterol-fed rabbits, and plasma levels are elevated in atherosclerotic patients \[[@B52],[@B53]\]. It is thus difficult to predict what the results of angiogenesis inhibition in RA might be, and probably only carefully designed clinical trials will answer this question. In theory, at least, anti-angiogenic treatment should not potentially increase the risk of infection, and a combination of anti-VEGF and infliximab in RA may be beneficial without augmenting potential adverse effects.

Glossary of terms
=================

Ang = angiopoietin; FGF-1 = fibroblast growth factor-1 (acidic FGF); FGF-2 = fibroblast growth factor-2 (basic FGF); Flk-1/KDR = fetal liver kinase receptor/kinase-insert-domain-containing receptor (VEGF-R2); Flt-1 = fms-like tyrosine kinase receptor (VEGF-R1); HGF = hepatocyte growth factor; HIF-1 = hypoxia-inducible factor-1; K = kringle; sFlt-1 = soluble VEGF Flt-1 receptor; Tie = tyrosine kinase with immunoglobulin and epidermal growth factor homology domains.
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